Summary
Rabbits delivered at 27.0 days of gestation were studied after administration of cortisol (2 mgkglday), aminophylline (6.25 mg/kg/day), or sterile saline to the does on days 24-26 of gestation. Survival at 60 min was 52.9% in the aminophyllinetreated group and 22.2% in the control and cortisol-treated groups with all animals being in a warm, oxygen-enriched environment and receiving frequent tactile stimulation. Lung volume at 30 cm H,O was lower in the cortisol-treated group than in the controls or aminophylline-treated group in animals surviving for 60 min ( Table 2 ). The aminophylline-treated group retained significantly more gas at low pressures on the deflation curve (Table 2 ) and had significantly more phosphatidylcholine recovered in lung lavage fluid (Table 3) than the other groups. Aminophylline appears to have enhanced lung maturation better than cortisol in this experimental model.
Speculation
Im~roved survival of ~rematurelv delivered rabbits after aminiphylline administratbn (as cokpared with cortisol) may be due to a combination of factors including enhanced maturation of the lungs as well as stimulation of the respiratory center.
Accelerated maturation of fetal mammalian lungs as evidenced by physiologic and biochemical measurements is now well known to occur after antepartum administration of glucocorticoids. In addition, decreased morbidity from RDS and improved survival of prematurely born human infants has been reported by Liggins and Howie (13) when glucocorticoids have been administered at least 24 hr before delivery. Motoyama and his co-investigators (15) reported that after antenatal administration of glucocorticoids some rabbits delivered a t 27 days of gestation were able to breathe, but control animals did not breathe until 28 days. The treated animals, in addition, retained more air at low pressures and had better lung fluid bubble stability than the controls. Taeusch and his coworkers (21) reported increased survival of rabbits delivered at 28 days of gestation in the first 6 hr after delivery after direct fetal administration of hydrocortisone. Lung pressure-volume measurements indicated that lung stability as measured by the percentage of total lung volume retained during deflation at 1 0 mm Hg increased with increasing survival.
Although augmented production of corticosteroids is probably one mechanism by which fetal lungs mature normally, the pharmacologic doses used to stimulate accelerated maturation may have deleterious effects upon the fetuses so treated. Mothers with eclampsia treated with betamethasone have increased antenatal mortality compared with controls (13); animal studies indicate that corticosteroids may compromise placental function (23) and also cause temporary inhibition of lung growth (5, 11) . In addition, glucocorticoid administration may be hccompanied by reduced cell numbers in the brain and by disturbances of myelination, synaptic growth, and locomotor ability (9, 19) .
For these reasons our laboratory has been investigating some mechanisms by which corticosteroids accelerate lung maturation in an attempt to identify a pharmacologic agent with less potential toxicity than cortisol and the same maturational effects upon lung surfactant. ' We have previously reported that aminophylline augments tissue cyclic AMP by inhibition of cyclic AMP phosphodiesterase and increases incorporation of labeled precursors into phosphatidylcholine to the same extent as ~lucocorticoids (2). Karotkin et al. (10) have also demonstrated-accelerated lung'maturation after antenatal administration of aminophylline. Studies of the survival of prematurely delivered animals, as a measure of lung maturation, have not been reported following antenatal administration of aminophylline .
The present study was undertaken to examine the comparative effects of antenatal administration of aminophylline and hydrocortisone to prematurely delivered rabbits placed in a warm oxygen-enriched environment and given tactile stimulation to promote breathing. Survival during the first hour, lung pressurevolume relationships, and phospholipids recovered from tracheal washes after spontaneous or induced death were determined.
MATERIALS AND METHODS
Rabbits with time of mating known to within 3 hr were used for all studies: zero time was arbitrarily assigned to the beginning of the 3-hr mating period.
In the initial phase of the study control rabbits (with no surgical intervention) were delivered by cesarean section at 27.0, 27.5, 28.0, and 28.5 days of gestation to determine at what age viability was less than 50%. After delivery all rabbits were dried immediately, placed in an isolette at 32' with an environmental oxygen concentration of 32%, and stimulated frequently by handling.
After completion of these preliminary observations, experiments were carried out in which the pregnant does were injected with saline, hydrocortisone, 2.0 mg/kg/day sc or aminophylline, 6.25 mgJkgJday iv on days 24-26 of gestation as has been previously described (2) . A total of 27 control, 35 aminophylline-treated, and 36-hydrocortisone-treated fetuses were delivered with four does in each group.
The does were lightly anesthesized with Diabutal Na pentobarbital and as soon as asleep were killed with intravenous KC1 followed by immediate delivery. Elapsed time from onset of anesthesia to delivery of the first rabbit was less than 2 min in all instances. After delivery the rabbits were all treated as described above. Death was defined by absent response to tactile stimulation and apnea for 5 min. All deaths which occurred in each 15-min period were summed together. All animals alive at 60 min after delivery were killed with an intraperitoneal injection of diabutal for further studies. Our experience indicates that prematurely delivered rabbits which survive for 1 hr almost invariably survive for several days with meticulous neonatal care. Weights and lengths were determined for all animals. The personnel handling the newly born animals were not aware of whether the animals were controls or had received hydrocortisone or aminophylline.
After death, the tracheas of selected animals dying at less than 3 0 min or more than 6 0 min of age were cannulated with fine polyvinyl catheters through small neck incisions and the lungs were de-gassed by placing the whole animal in a vacuum chamber at approximately 12 mm Hg for 2-min periods repeated three times. Pressure-volume relations were determined by connecting the tracheal cannulae to a calibrated water manometer and a 10-ml syringe by a T-tube. Corrections were made for volume changes in the dead space which occurred with the changes of pressure. The volume of air in the lungs after 2 min at 3 0 cm H 2 0 was defined as maximal lung volume. Volumes on deflation at 4 cm and 1 0 cm H 2 0 , expressed as a percentage of maximal lung volume, were calculated for each study.
After these measurements were made the lungs of each fetus were lavaged with a total volume of 5 ml of sterile saline in aliquots slightly less than the measured lung volume at 3 0 cm H 2 0 . These washings were cooled to 4" in an ice bath and centrifuged at 500 x g for 10 min to remove cell debris. The supernatant was then frozen and lyophilized at -30". The dried residue was suspended in 6 ml 2:l chloroform-methanol and the lipids were extracted according to the method of Folch (6) . Total lipids recovered by the above procedure were further fractionated by thin layer chromatography on silica gel H-coated plates which were developed in chloroform-methanol-water in the proportions 65:25:4; the various lipids were visualized under ultraviolet light after spraying the plates with an 0.1% dichlorofluorescein reagent. The spots corresponding to phosphatidylcholine were scraped off and the lipids were washed from the silica gel using chloroform, methanol, acetic acid, and water in proportions 50:39:1:10, after which the dye was removed by mixing with 4 N NH,OH and extracting the upper aqueous phase (1). The content of phosphatidylcholine was determined by phosphorus analysis according to the method of Bartlett (3). The fatty acid composition of phosphatidylcholine was determined by reaction with 0.5 N HCI in methanol under nitrogen at 80" for 4 hr in sealed ampules. The resulting fatty acid methyl esters were extracted into heptane for injection into a gas-liquid chromatograph (Perkin-Elmer model 881) fitted with a 10-foot column containing 12% diethylene glycol succinate. Characterization and quantitation of the individual fatty acid methyl esters was performed by comparison with standard fatty acid methyl esters obtained from Applied Sciences Lab.
Statistical analyses of the results were performed using Student's t-test (20) .
RESULTS
Under the conditions of the present study, with rapid delivery of the rabbits into a warm oxygen-enriched environment in which they received considerable tactile stimulation, survival of the litters delivered at 27.5, 28.0, and 28.5 days of gestation was greater than 8 5 % , with greater than 50% survival at 24 and 48 hr in each litter. In the present report all litters were delivered at 27.0 days of gestation for study of survival and lung mechanics.
All liveborn fetuses delivered in the three study groups, having received aminophylline, hydrocortisone, or saline antepartum, were vigorous and had good muscle tone at the time of delivery. All, in addition, made initial respiratory efforts. By 5 rnin of age many animals in all groups had irregular respirations, cyanosis, and little or no flexor tone, and some deaths within each study group had occurred by 15 rnin of age. Table 1 shows the numbers of fetuses in each group and their survival at 30, 45, and 60 min. One stillbirth occurred in the 35 fetuses of the aminophylline-treated litters. Figure I illustrates that at all times the survival was greatest in the aminophylline-treated group. By 60 rnin of age the control and cortisol groups both had survival rates of 22.2%, whereas survival in the aminophylline-treated group exceeded 50%. Although most fetuses in each group had irregular respirations and poor tone in the first 30 min, by 45 rnin most of the survivors had regular respirations, good color and tone, only mild retractions, and many had spontaneous movements. All surviving rabbits were killed between 60 and 75 min of age for further biochemical and mechanical studies of the lungs. Results of pressure-volume measurements are shown in Table  2 for animals which died within the first 30 min after delivery and those which survived for 1 hr. Lung fluid analyses and pressure volume measurements were made on only one of the two fetuses dying before 30 min of age in the aminophyllinetreated group and, these values, therefore, were not utilized for statistical analysis. Lung volume at 30 cm H 2 0 in the aminophylline-treated animal dying at less than 30 min of age was more than 2 SD greater than the mean of the control animals and more than 3 SD above the mean of the cortisol animals dying in the same time period; differences between the control and cortisol-treated animals were not significant at less than 30 min. Volume retained in the lung at 10 being between the mean values of the other two groups. Greater differences of lung volumes and pressure-volume relationships were present in the animals which survived for more than 60 min. Lung volume at 30 cm H,O was significantly less in the cortisol-treated group than in the control and aminophyllinetreated animals, which had similar volumes. During deflation, the aminophylline-treated lungs retained significantly more air than the control or cortisol lungs at both 10 and 4 cm H 2 0 .
Total lung volume and its percentage retained at 4 and 10 cm H 2 0 increased significantly with survival to 60 rnin in the control lungs. Mean changes in the cortisol-treated animals were similar but were not significant. Changes in the aminophylline-treated animals could not be evaluated because of the single measurement at less than 30 min, but this value was within 1 SD of mean values obtained from the animals surviving for 60 min. Table 3 shows the content of phosphatidylcholine in the lavage fluid obtained from the animals which survived for less than 30 or more than 60 min. There were no significant differences in the amount of phosphatidylcholine obtained from the three groups at 30 min, but at 60 min significantly more phosphatidylcholine was present in the lavage fluid from the aminophylline-treated groups. No significant differences in amount of phosphatidylcholine recovered were noted in animals dying at less than 30 rnin and those dying at more than 60 rnin of age. No significant differences were present in the percentage of lecithin containing palmitic acid either as a function of treatment group or as a function of survival time.
DISCUSSION
The methods used for the delivery and care of the rabbits were critical to the experiment for a number of reasons. The use of barbiturate anesthesia can result in respiratory depression Table 2 . Pressure-volume measurements from rabbits dying less than 30 min or more than 60 min after delivery in treatment groups after antenatal administration of saline (control), hydrocortisone, and aminophylline'. at birth if sufficient time is allowed for the drug to circulate and cross the placenta. With the methods we used for anesthesia and delivery no depression was observed in the rabbits, and all liveborn animals at the time of delivery had good tone and made respiratory efforts. By drying the animals and placing them in a warm environment, we were following time-honored neonatal practices to diminish evaporative heat losses following delivery. Since Budin (4) reported improved survival of prematurely born human infants cared for in a warm environment, numerous investigators have established that a neutral thermal environment in which oxygen consumption is at a minimum promotes better survival of the prematurely delivered human. Tactile stimulation is considered an effective means of stimulating respiration in the newly born infant and is equally effective in other species. By using these methods, and by placing the animals in an environment enriched with oxygen, we were able to have nearly 100% survival in control animals delivered at 27.5-28.5 days of gestation, ages at which mortality has been reported to approach 100%. Motoyama and his co-investigators (15) placed prematurely delivered rabbits on a warm blanket but did not report further stimulation. Taeusch and his co-investigators (21) delivered their animals between 27.9 and 28.3 days of gestation into an environment of 24", 4 0 % humidity, and an F P , of 0.21 with no stimulative or resuscitative measures. These differences in management probably explain the better survival in this study than has been reported previously.
Control
Within the first 30 min after delivery most animals showed signs of respiratory distress, and during this period one could not easily distinguish those which would die early from those which would survive for the duration of the study. With continued survival, color and tone improved during the second 30-min period; gasping and irregular respirations became regular, and the majority of survivors at 6 0 min were not cyanotic and had minimal, if any, clinical signs of respiratory distress. The differences in survival between the three groups are not well explained. The 50% survival time for the control group was 30 min, and at 30 min 75% of the cortisol and 94% of the aminophylline-treated groups were alive. These relationships persisted throughout the study, although by 6 0 min the survival rate of the cortisol-treated group was identical to the controls, 22.2%; 52.9% of the aminophylline-treated group was alive. The hydrocortisone-treated group surviving to 60 min had a smaller total lung volume than the control and aminophyllinetreated groups. In addition, a smaller percentage of retained volume at both 4 and 10 cm H,O was present in the late survivors in the control and hydrocortisone groups than the aminophylline group. The lower lung volume observed in the cortisol-treated animals is possibly explained by poor lung growth during the treatment period, although in a study with antenatal treatment identical to the present study, lung DNA concentrations and wet weightldry weight ratios were not significantly different in the control and cortisol-treated groups (8) . Motoyama and his co-investigators (1 5) reported no maturational effects upon fetal rabbit lungs when cortisol in large doses was administered to the pregnant rabbit doe, but improved neuromuscular activity, lung expansion, and bubble stability from lung lavage fluid when cortisol was administered directly into the fetuses. The dose of cortisol which we administered in the present study is the same as that previously reported to be associated with increased incorporation of choline and methionine into phosphatidyl choline (2), and we cannot explain differences of lung volumes and stability we observed. The increased surface activity of the lungs of the aminophyllinetreated group which retained significantly more air at low pressures than either the control or cortisol-treated group of animals was the most striking finding of the present study. This effect probably reflects increased surface-active material at the alveolus in the aminophylline-treated animals, and correlates with the recovery of significantly more phosphatidylcholine in the lavage fluid of the aminophylline-treated animals which survived for 6 0 min, although an equal proportion of the phosphatidylcholine was present with palmitate as the fatty acid component in the three groups.
We have previously presented evidence supporting the postulate that cortisol and aminophylline augment synthesis of phosphatidylcholine through similar mechanisms involving augmentation of cyclic AMP levels by inhibition of cyclic AMP phosphodiesterase (2). Differences we observed between cortisol and aminophylline-treated animals are not fully understood. Even though both agents appear to augment phosphatidylcholine synthesis through a cyclic A M P associated-mechanism they would be expected to have many widely differing effects on different tissues. Although glucocorticoids in physiologic as well as pharmacologic concentration inhibit cyclic AMP phosphodiesterase activity (12, 17), their major effects are exerted through regulation (generally inhibition) of protein synthesis through regulation of DNA-directed RNA synthesis (24) . This mechanism involves initial interaction of the glucocorticoid with a cytosol receptor and translocation of this reaction complex to the nucleus (16). Aminophylline would not be expected to react with the cell genome in this way. Inhibition of fetal lung growth by glucocorticoids may be a feature of the generalized catabolic effect of glucocorticoids (14). Another important difference in the modes of action of these two agents has to d o with the well recognized stimulatory effect of methyl xanthines on respiration, which has been demonstrated to occur in the prematurely born human infant (18, 22) . It is possible that the peripheral effects on the lungs of aminophylline are augmented by stimulation of the central nervous system, promoting respiration, and that this combination of effects is related to enhanced survival of newly born animals.
Our data with respect to control animals are similar to those of Taeusch and his co-investigators (21) , who reported improved lung compliance associated with prolonged survival in prematurely delivered animals. Fujiwara and his associates (7) reported that alveolar phospholipids double after 10 min of breathing and continue to increase up to 4 8 hr of age without changes in the quality of the phospholipids.
The difference in mortality rate between the cortisol and aminophylline-treated animals is not known. 'Ontent* and lung P~~~~~~~ of 15, Motoyama, E, K., Orzalesi, M, M., Kikkawa, Y,, Kaibara, M,, Wu, B., aminophylline administered prenatally to the mother has not Zieas. C. I.. and Cook. C. D.: Effect of cortisol on the maturation of fetal been investigated, but in the present study no major evidence of fetal toxicity was observed.
